Nonribosomal peptide synthetases (NRPSs) catalyze the biosynthesis of many biologically active peptides and typically are modular, with each extension module minimally consisting of a condensation, an adenylation, and a peptidyl carrier protein domain responsible for incorporation of an amino acid into the growing peptide chain. C-1027 is a chromoprotein antitumor antibiotic whose enediyne chromophore consists of an enediyne core, a deoxy aminosugar, a benzoxazolinate, and a ␤-amino acid moiety. Bioinformatics analysis suggested that the activation and incorporation of the ␤-amino acid moiety into C-1027 follows an NRPS mechanism whereby biosynthetic intermediates are tethered to the peptidyl carrier protein SgcC2. Here, we report the biochemical characterization of SgcC5, an NRPS condensation enzyme that catalyzes ester bond formation between the SgcC2-tethered (S)-3-chloro-5-hydroxy-␤-tyrosine and (R)-1-phenyl-1,2-ethanediol, a mimic of the enediyne core. SgcC5 uses (S)-3-chloro-5-hydroxy-␤-tyrosyl-SgcC2 as the donor substrate and exhibits regiospecificity for the C-2 hydroxyl group of the enediyne core mimic as the acceptor substrate. Remarkably, SgcC5 is also capable of catalyzing amide bond formation, albeit with significantly reduced efficiency, between (S)-3-chloro-5-hydroxy-␤-tyrosyl-(S)-SgcC2 and (R)-2-amino-1-phenyl-1-ethanol, an alternative enediyne core mimic bearing an amine at its C-2 position. Thus, SgcC5 is capable of catalyzing both ester and amide bond formation, providing an evolutionary link between amide-and ester-forming condensation enzymes.
N
onribosomal peptide synthetases (NRPSs) are large multifunctional proteins that catalyze the synthesis of many pharmaceutically important peptides, including the anticancer drugs bleomycin and actinomycin and antibacterial antibiotics vancomycin and daptomycin. The prototypical NRPS is composed of loading, extension, and termination modules, with each extension module consisting of minimally 3 domains-an adenylation (A) domain, a peptidyl carrier protein (PCP) domain, and a condensation (C) domain (1) (2) (3) (4) . The A domain specifically selects an amino acid, activates it by formation of an aminoacyl adenylate, and transfers the activated substrate to the thiol group of the 4Ј-phosphopantetheinyl arm of the PCP domain to yield a thioester-linked amino acid. The C domain then catalyzes nucleophilic condensation between upstream and downstream PCP-tethered amino acids (also known as donor and acceptor substrates, respectively; ref. 5) to form a new amide bond, thus extending the growing peptide chain by 1 amino acid.
Although NRPS catalysis is often described to follow assembly-line enzymology, wherein the amino acid sequence of the peptide product can be directly predicted from the molecular architecture of NRPS domains and modules (3, 4) , recent studies have revealed numerous NRPSs that deviate from this assemblyline molecular logic (6) (7) (8) . For example, variations to the standard C-A-PCP module were found in the kutzneride (9) and bleomycin NRPSs (10) , and iteratively acting domains have been observed for capreomycin (11) , saframycin (12) , and enterobactin (13) biosynthesis. Moreover, freestanding C, A, or PCP proteins may function in trans to form an NRPS module (8) , and such freestanding proteins or didomain proteins have also been identified in biosynthetic machinery for natural products that do not even contain a peptide moiety. One such case was identified upon characterization of the biosynthetic gene cluster for the enediyne antitumor antibiotic C-1027, a cytotoxic secondary metabolite isolated from Streptomyces globisporus that undergoes an electronic rearrangement that, when in the presence of molecular oxygen, can lead to double-stranded DNA breaks ( Fig. 1B) (14) . In the C-1027 gene cluster, a freestanding C domain (SgcC5), A domain (SgcC1), and PCP (SgcC2) were identified, and together they constitute a minimal NRPS extension module that was predicted to be involved in the biosynthesis of the (S)-3-chloro-5-hydroxy-␤-tyrosine moiety of C-1027 ( Fig.  1 ) (15) .
Although NRPS C domains are known to catalyze amide bond formation between 2 PCP-tethered amino acids (3, 4) , examination of the C-1027 chromophore structure suggests that SgcC5 instead catalyzes condensation to generate an ester bond by using a single PCP-tethered amino acid (Fig. 1B) . C domains have been recently proposed to catalyze ester bond formation with carrier protein-tethered substrates, although they are homologous to the typical amide-forming C enzymes. For instance, the C domains located at the C terminus of the RapP and FkbP proteins from the rapamycin (16) and FK506 (17) NRPS biosynthetic machinery, respectively, were proposed to catalyze intramolecular cyclization via ester bond formation, hence releasing the final products from the carrier proteins. These C domains therefore act in a functional analogy to thioesterase domains, despite having no sequence homology between them. Some C domains embedded in elongation modules have also been proposed to catalyze chain extension via ester bond formation rather than amide bond formation on the basis of comparing the NRPS architecture with the expected product. This includes the nonribosomal peptides kutzneride (9), valinomycin (18) , and cereulide (19) , and the nonribosomal peptidepolyketide hybrid cryptophycin 1 (20) . Recently, the C domain of a PCP-C didomain protein Fum14 in the biosynthesis of the fungal metabolite fumonisin was shown to generate 2 tricarballylic esters by using a thioester of N-acetylcysteamine as an acyl donor mimicking the phosphopantetheinyl group of the carrier protein, and in this example, the acceptor substrate was the free alcohol of the fumonisin precursor (21) . This study provided the first biochemical evidence for a C domain to catalyze ester bond formation. The results suggested, as observed for the freestanding C enzyme VibH (22) , that C domains can also use a free substrate as the acceptor nucleophile to couple with a carrier protein-tethered acyl donor for ester (as with Fum14) or amide (as with VibH) bond formation.
We have previously characterized the first 4 enzymatic steps of the biosynthetic pathway for the (S)-3-chloro-5-hydroxy-␤-tyrosine moiety of C-1027 leading to (S)-3-chloro-5-hydroxy-␤-tyrosyl-(S)-SgcC2 ( Fig. 1 A) , which includes generation of (S)-␤-tyrosine by the aminomutase SgcC4 (23, 24) , activation and loading of (S)-␤-tyrosine to SgcC2 by the A enzyme SgcC1 (25, 26) , and halogenation and hydroxylation of (S)-␤-tyrosyl-SSgcC2 by the FAD-dependent SgcC3 halogenase and SgcC hydroxylase, respectively (27, 28) . We now report that SgcC5 does indeed catalyze ester bond formation between the SgcC2-tethered (S)-3-chloro-5-hydroxy-␤-tyrosine and (R)-1-phenyl-1,2-ethanediol, an enediyne core analog that mimics the aromatized C-1027 structure (structure 1a; Figs. 1B and 2A), thereby supporting its proposed role in C-1027 biosynthesis (15) . SgcC5 absolutely requires carrier protein-tethered molecules as the donor substrates and is regiospecific for the C-2 hydroxyl group of the enediyne core mimic as the acceptor substrate (C-2 of 1a corresponds to C-14 of the enediyne core; Figs. 1B and 2 A) . Remarkably, SgcC5 is also competent and regiospecific in catalyzing amide bond formation between the SgcC2-tethered (S)-3-chloro-5-hydroxy-␤-tyrosine and (R)-2-amino-1-phenyl-1-ethanol, an enediyne core mimic bearing an amine as a nucleophile at its C-2 position (2a; Fig. 2 A) , as an alternative acceptor substrate. The broad acceptor tolerance of SgcC5 contrasts with the strict substrate specificity of other previously characterized C domains (3, 5, 29) , although SgcC5 does exhibit a strong regiospecificity for the C-2 group as a nucleophile (i.e., C-2 hydroxyl or amino group) of the acceptor substrate. SgcC5 is an example of a C enzyme that catalyzes ester bond formation but retains the canonical amide-forming activity, albeit with significantly reduced efficiency. These findings provide biochemical evidence supporting an evolutionary link between amide-and ester-forming C enzymes that has been implied from structural similarities between C domains and chloramphenicol acetyltransferases (CATs) (30) . Further mechanistic and structural characterization of SgcC5 should therefore allow us to engineer the ester-forming activity into other NRPS C domains or enzymes, thereby expanding the size and diversity of the novel peptide library by combinatorial biosynthesis or chemoenzymatic methods.
Results and Discussion
Bioinformatics Analysis of SgcC5. The biosynthesis of the ␤-amino acid moiety and its incorporation into C-1027 are catalyzed by 6 proteins: SgcC, SgcC1, SgcC2, SgcC3, SgcC4, and SgcC5 ( Fig. 1 ) (15) . Among them, SgcC1 and SgcC2 have been identified as homologs to A domains and PCP domains in NRPSs, respectively, and the activity of SgcC1 to activate and load (S)-␤-tyrosine to SgcC2 has been demonstrated (25, 26) . SgcC5 features the highly conserved HHXXXDX 14 Y motif known to all modular NRPS C domains [supporting information (SI) Fig.  S1 ] (22, (31) (32) (33) (34) , clearly supporting its functional assignment as a C enzyme but putatively catalyzing an ester bond formation (Fig.  1B) . However, the overall sequence homology between SgcC5 and other well-studied NRPS C domains is low-SgcC5 shows only 19% identity/36% similarity to the SrfA-C C domain, 20% identity/38% similarity to the TycC C domain, and 16% identity/ 27% similarity to the freestanding C enzyme VibH, whose structures have all been solved by X-ray crystallography (22, 33, 34) .
Overproduction of SgcC5 and Chemoenzymatic Preparation of Donor
Substrate. SgcC5 was overproduced in Escherichia coli BL21 (DE3), purified to homogeneity as an N-terminal, His 6 -tagged fusion protein (Ϸ100 mg/L), and showed a single protein band upon SDS/PAGE analysis consistent with the predicted molecular weight (55 kDa) (Fig. S2) .
Three recombinant proteins-SgcC1 (25), SgcC2 (27), and Svp, a promiscuous 4-phosphopantetheinyl transferase from the bleomycin biosynthetic pathway (35)-were produced as described previously to enzymatically prepare the SgcC2-tethered donor substrate. Apo-SgcC2 was first converted to holo-SgcC2 by Svp (35) . The free substrate 3-chloro-5-hydroxy-␤-tyrosine was chemically synthesized (27) , activated, and loaded onto holo-SgcC2 by SgcC1 to yield (S)-3-chloro-5-hydroxy-␤-tyrosyl-(S)-SgcC2. SgcC1 activated and loaded only the (S)-3-chloro-5-hydroxy-␤-tyrosine enantiomer to holo-SgcC2, despite using racemic 3-chloro-5-hydroxy-␤-tyrosine, as determined by a chiral HPLC analysis in comparison with authentic (S)-3-chloro-5-hydroxyl-␤-tyrosine and (R)-3-chloro-5-hydroxyl-␤-tyrosine, respectively ( Fig. S3 and SI Methods).
In Vitro Characterization of SgcC5 as an Ester-Forming Condensation
Enzyme. SgcC5 was initially assayed with 3-chloro-5-hydroxy-␤-tyrosine as the donor substrate and (R)-1-phenyl-1,2-ethanediol (1a; Fig. 2 A) as the acceptor substrate, the latter of which serves as an enediyne core mimic representing the aromatized version of the C-1027 enediyne chromophore (the exact structure of the native substrate for SgcC5 remains unknown; hence, it is unavailable) (Fig. 1B) . HPLC analysis of the assay solution, however, showed no product formation, suggesting that SgcC5 may require carrier protein-tethered substrate. SgcC5 was next assayed with (S)-3-chloro-5-hydroxy-␤-tyrosyl-(S)-SgcC2 and (R)-1-phenyl-1,2-ethanediol as the donor and acceptor substrates, respectively, and the reaction was followed by HPLC analysis (Fig. 2B ). After 15 min of incubation, 2 products formed, with the major one at retention time (rt) 18.2 min and the minor one at rt 17.6 min, and the 2 products reached a 4:5 ratio after 90 min of incubation (Fig. 2B iii and iv) . Each of the 2 products was isolated and subjected to electrospray ionization mass spectroscopy (ESI-MS) analysis, yielding the same pair of [M ϩ H] ϩ ions at 352.1 and 354.1 in a 3:1 ratio, characteristic of monochlorinated species, which was consistent with the molecular weight of the predicted ester products 1b and 1c (calculated [M ϩ H] ϩ ions at m/z ϭ 352.1 and 354.1; Fig. 2 A) . A large-scale reaction was then carried out to produce both products ( Fig. S4 and SI Methods), and 1 H, 13 C, and 2D NMR spectroscopic analyses (Table S1 ) confirmed them as the ester products arising from 3-chloro-5-hydroxy-␤-tyrosine coupled to the C-2 and C-1 hydroxyl groups of (R)-1-phenyl-1,2-ethanediol, respectively (1b and 1c; Fig. 2 A) . (Fig. 3B) .
In Vitro Characterization of SgcC5 as an Amide-Forming Condensation
Enzyme. Inspired by the canonical amide bond-forming activity of NRPS C domains and enzymes, SgcC5 was next assayed as an amide-forming C enzyme with (S)-3-chloro-5-hydroxy-␤-tyrosyl-(S)-SgcC2 as the donor substrate and (R)-2-amino-1-phenyl-1-ethanol (2a; Fig. 2 A) as the acceptor substrate. Remarkably, HPLC analysis of the assay solution showed time-dependent formation of a new product with an rt of 16.3 min (Fig. 2C ). This new peak was collected and subjected to HR-MALDI-MS analysis, yielding a pair of [M ϩ Na] ϩ ions at m/z ϭ 373.0926 and 375.0900 and with a 3:1 ratio characteristic of the monochlorinated amide product (2b; Fig. 2 A) (calculated [M ϩ Na] ϩ ions at m/z ϭ 373.0931 and 375.0897 in a 3:1 ratio). Production and purification of 2b from a scale-up reaction and subsequent 1 H, 13 C, and 2D NMR analyses unambiguously established its amide structure (Table S2 ). The apparent kinetic parameters were determined with 200 M (S)-3-chloro-5-hydroxy-␤-tyrosyl-(S)-SgcC2 and variable (R)-2-amino-1-phenyl-1-ethanol to give K m ϭ 7.0 Ϯ 1.3 mM and k cat ϭ 0.043 Ϯ 0.002 min Ϫ1 (Fig. 3C) . Under the conditions examined, SgcC5 was Ϸ3,700-fold more efficient at catalyzing ester bond formation with 1a than catalyzing amide bond formation with 2a as the acceptor substrate on the basis of k cat /K m value comparison (Fig. 2 A) .
Regiospecificity of SgcC5 Toward Acceptor Substrates. The regiospecificity of SgcC5 was first examined by following the time course of 1b and 1c formation from (S)-3-chloro-5-hydroxy-␤-tyrosyl-(S)-SgcC2 and (R)-1-phenyl-1,2-ethanediol (1a) as substrates (Fig. 2 A) . The formation of 1b is SgcC5-dependent; 1b is produced exclusively in the early stage, but 1c appears upon longer incubation (Fig. 2B) , indicating that 1c originates from 1b. Both products were subsequently purified, and incubation of each of them under the assay conditions in the absence of SgcC5 indeed confirmed the spontaneous conversion between 1b and 1c, with an equilibrium constant of 1c/1b ϭ 0.80 Ϯ 0.10 ( Fig. 2 A and SI Methods). These observations support that the SgcC5-catalyzed ester bond formation with (R)-1-phenyl-1,2-ethanediol as the acceptor substrate is regiospecific for the C-2 hydroxyl group.
(R)-2-amino-1-phenyl-1-ethanol and (R)-2-phenylglycinol (2a and 3a; Fig. 2 A) were next used as acceptor substrates to further confirm the regiospecificity of SgcC5 with (S)-3-chloro-5-hydroxy-␤-tyrosyl-(S)-SgcC2 as the donor substrate by following their reaction time courses, respectively. (R)-2-amino-1-phenyl-1-ethanol (2a) afforded the corresponding 2b exclusively, as described earlier (Fig. 2C) . (R)-2-phenylglycinol (3a) yielded 2 products initially, but the first product at rt of 15.5 min completely converted to the second product at rt 16.6 min after prolonged incubation (Fig. 2D) . The second product at rt of 16. . Scale-up reactions afforded purified 3c, whose amide structure was confirmed by 1 H NMR analysis (SI Methods). The first product at rt 15.5 min, predicted to be the ester product (3b; Fig.  2 A) , was unstable, and thus no spectroscopic analysis was performed. Steady-state kinetic analysis using 200 M (S)-3-choro-5-hydroxy-␤-tyrosyl-(S)-SgcC2 and variable (R)-2-phenylglycinol was also carried out, yielding a K m ϭ 7.1 Ϯ 0.3 mM and k cat ϭ 1.87 Ϯ 0.03 min Ϫ1 (Fig. 3D) . SgcC5 is Ϸ100-fold less efficient using 3a compared with 1a as the acceptor substrate on the basis of their k cat /K m value comparison. Taken together, these observations support that SgcC5 catalyzes either ester bond formation with (R)-1-phenyl-1,2-ethanediol (1a) or (R)-2-phenylglycinol (3a) or amide bond formation with (R)-2-amino-1-phenyl-1-ethanol (2a) as the acceptor substrate and is regiospecific for the C-2 hydroxyl or amino group, respectively. Of the 3 substrates examined, the preferred substrate for SgcC5 is a 1,2-diol enediyne mimic 1a; the nascent product 1b, however, readily undergoes a 1,2-migration to afford 1c with an equilibrium constant of 1c/1b ϭ 0.80 Ϯ 0.10 ( Fig. 2 A) .
SgcC5 Is an Ester Bond-Forming and Amide Bond-Forming Condensation Enzyme.
We have experimentally demonstrated that SgcC5 is indeed a C enzyme-catalyzing ester bond formation to incorporate the SgcC2-tethered (S)-3-chloro-5-hydroxy-␤-tyrosine moiety into C-1027, concluding functional assignment of the minimal NRPS module, composed of 3 freestanding SgcC1, SgcC2, and SgcC5 proteins, in C-1027 biosynthesis (Fig. 1) . This was accomplished by taking advantage of the chemoenzymatically prepared (S)-3-chloro-5-hydroxy-␤-tyrosyl-(S)-SgcC2 as the donor substrate and the enediyne core mimic (R)-1-phenyl-1,2-ethanediol as the acceptor substrate for SgcC5. SgcC5 absolutely requires an SgcC2-tethered donor substrate and efficiently and regiospecifically couples it, in an ester linkage, with the C-2 hydroxy of the free acceptor substrate that mimics the C-14 hydroxy of the enediyne core (Figs.  1B and 2 A) . The fact that SgcC5 recognizes the enediyne core mimics, such as 1a, 2a, and 3a (Fig. 2) is indicative of relaxed specificity for the acceptor substrate, and this is in contrast to previous investigations that suggest C domains in general have strict specificity for acceptor substrates (3, 5, 29) .
Kinetic analysis was performed with (R)-1-phenyl-1,2-ethanediol (1a) as a surrogate acceptor substrate, yielding a K m ϭ 1.2 mM and k cat ϭ 27 min Ϫ1 . Despite using a nonnative substrate, the K m is comparable to VibH with respect to norspermidine as an acceptor substrate, but the turnover of SgcC5 is substantially lower when compared with VibH (k cat of 6,010 min Ϫ 1) (22) or when compared with the ester bond-forming CAT with chloramphenicol as an acceptor (k cat of 3,600 min Ϫ1 ) (36) . In contrast, dihydrolipoamide acetyltransferases, which also belong to the same superfamily as condensation enzymes and CAT, have similar K m with respect to acceptor substrates but significantly lower k cat compared with SgcC5, as exemplified with yeast dihydrolipoamide acetyltransferase (K m of 4.0 mM and k cat ϭ 0.13 min Ϫ1 ) (37) . The significance of these kinetic constants-particularly in the absence of kinetic data with natural substrate-is currently uncertain. It is apparent, however, that SgcC5-catalyzed amide bond formation occurs at a substantially lower efficiency, manifested by a large decrease in k cat . Thus, amide bond formation clearly has no physiological relevance, but instead may present the opportunity to apply combinatorial biosynthetic approaches for structural diversification.
NRPS C domains, including SgcC5, consist of Ϸ450 amino acids and contain an HHXXXDX 14 Y motif, with the Asp and second His essential for activity (excluding only VibH, where catalysis was unaffected by mutation to the His residue) (3) (SI Methods and Fig.  S1 ). Recent structural investigations with VibH (22) , SrfA-C C domain (34) , and TycC C domain (33) have revealed that C domains are composed of 2 subdomains, each of which has a similar fold to a monomer of CATs. CATs also contain an essential HHXXXDX 14 Y motif and are catalytically active as trimers, forming 3 active sites at the monomer interface (30) . The structural similarities of C domains and CATs suggest that a similar strategy is used in amide bond and ester bond formation, respectively, and alludes to the possibility that C domains may be able to catalyze ester bond formation.
Here, we have shown that SgcC5 not only catalyzes ester bond formation, as was predicted from the structure of C-1027 (15), but also retains the canonical amide-forming activity typical of NRPS condensation enzymes, albeit with significantly reduced efficiency. SgcC5 now joins Fum14 (21) in the category of C domains that have been biochemically demonstrated to catalyze ester bond formation, but to our knowledge, SgcC5 is the first C domain to be shown to catalyze both ester and amide bond formation. SgcC5, therefore, may represent a rare event of evolution caught in action, providing an opportunity to investigate how to evolve an amide-forming C enzyme to an ester-forming enzyme or vice versa. Interestingly, the biosynthetic gene cluster for the enediyne maduropeptin contains an SgcC5 homolog, MdpC5, that has high sequence homology (45/58% identity/similarity), and hence likely similar function; however, in contrast to SgcC5, MdpC5 is predicted to catalyze amide bond formation based on examination of the maduropeptin structure (38) . The relative simplicity of SgcC5 with respect to architecture and substrate specificity of typical C domains makes SgcC5 an excellent candidate to further explore the mechanistic details of C domains in general, and structural analysis of SgcC5 should provide critical insights into the selectivity for a hydroxy or amine nucleophile of the acceptor substrate. In view of the central role of C domains in nonribosomal peptide biosynthesis, and given the technical difficulties associated with studying the prototypical C domains, such studies should pave the way for new opportunities to generate novel natural products by combinatorial biosynthesis or chemoenzymatic methods.
Materials and Methods
General. Details for chemicals and instruments used; bioinformatics analysis of SgcC5; preparation of SgcC, SgcC1, SgcC2, SgcC3, SgcC5, SgcE6, and Svp; enzymatic synthesis of the donor substrate (S)-3-chloro-5-hydroxy-␤-tyrosyl-(S)-SgcC2; purification of the acceptor substrate (R)-2-amino-1-phenyl-1-ethanol (2a); time courses of SgcC5-catalyzed ester and amide bond formation and HPLC analyses; and the large-scale preparation of the ester and amide products 1b, 2b, 1c, and 3c and their structural characterization of these products by MS and NMR analyses are provided in the SI Methods. . HPLC was used to monitor the reaction, with detection at 254 nm (for acceptor substrates) and 283 nm (for products). The reactions were quenched by addition of trifluoroacetic acid to a final concentration of 16%, and after centrifugation the clarified supernatant was subjected to HPLC analysis (SI Methods).
Kinetics of Activity of SgcC5. To determine the kinetics for the donor substrate (S)-3-chloro-5-hydroxy-␤-tyrosyl-SgcC2 in the production of 1b and 1c, 195 L of reaction mixtures contained 100 mM Tris⅐HCl (pH 7.5), 5 mM ATP, 2 mM TCEP, 12.5 mM MgCl2, 5 mM 3-chloro-5-hydroxy-␤-tyrosine, 10 M Svp, 10 M SgcC1, and varying concentrations of apo-SgcC2 (10 -320 M) and CoA (50 M to 1.6 mM; final concentration for 200 L of total assay solution upon addition of SgcC5). The reactions were incubated at 25°C for 45 min to allow for the loading of 3-chloro-5-hydroxy-␤-tyrosine to holo-SgcC2 in situ before the addition of 5 mM 1a. This loading was determined to be complete based on HPLC analysis, and the reaction components were shown not to inhibit SgcC5 activity. The reaction was initiated by the addition of 1 M SgcC5 and carried out in triplicate. The reactions were quenched with 16% trifluoroacetic acid after being incubated at 25°C for 5 min. After centrifugation, the resulting clarified supernatant was subjected to HPLC analysis. To quantify the amount of products formed from each reaction, a calibration curve based on the HPLC peak area with UV detection at 283 nm was generated with a known amount of synthetic 3-chloro-5-hydroxy-␤-tyrosine, and all of these compounds exhibited identical UV absorption at this wavelength. The Michaelis-Menten equation was fit to plots of initial rate of product formation versus substrate concentration to extract values for the Km and kcat parameters.
To determine the kinetic parameters for acceptor substrates (R)-1-phenyl-1,2-ethanediol (1a), (R)-2-amino-1-phenyl-1-ethanol (2a), and (R)-2-phenylglycinol (3a), 180 L of reactions contained 100 mM Tris⅐HCl (pH 7.5), 200 M apo-SgcC2, 5 mM ATP, 1 mM CoA, 2 mM TCEP, 12.5 mM MgCl 2 , 5 mM 3-chloro-5-hydroxy-␤-tyrosine, 10 M Svp, and 10 M SgcC1 (final concentration for 200 L of total assay solution upon addition of SgcC5). The reactions were similarly incubated at 25°C for 45 min to allow for complete loading of 3-chloro-5-hydroxy-␤-tyrosine to holo-SgcC2 in situ, and the reaction components were shown not to inhibit SgcC5 activity. The reactions were initiated by the addition of varied concentrations of acceptor substrates (0.2-6.4 mM for 1a, 1-64 mM for 2a, and 0.5-32 mM for 3a), followed by the addition of SgcC5 (1 M SgcC5 for 1a and 3a, and 100 M SgcC5 for 2a), and each reaction was performed under initial velocity conditions and carried out in triplicate. The reactions were quenched with 16% trifluoroacetic acid after being incubated at 25°C for different times (5 min for 1a, 15 min for 2a, and 30 min for 3a). Product formation was quantified by HPLC peak area to obtain velocity data for single-substrate kinetic analysis. Data were fit to the Michaelis-Menton equation to determine the Km and kcat.. 
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